Abstract: Micro-manufacturing emerged in the last years as a new engineering area with the potential of increasing peoples' quality of life through the production of innovative micro-devices to be used, for example, in the biomedical, micro-electronics or telecommunication sectors. The possibility to decrease the energy consumption makes the micro-manufacturing extremely appealing in terms of environmental protection. However, despite this common belief that the micro-scale implies a higher sustainability compared to traditional manufacturing processes, recent research shows that some factors can make micro-manufacturing processes not as sustainable as expected. In particular, the use of rare raw materials and the need of higher purity of processes, to preserve product quality and manufacturing equipment, can be a source for additional environmental burden and process costs. Consequently, research is needed to optimize micro-manufacturing processes in order to guarantee the minimum consumption of raw materials, consumables and energy. In this paper, the experimental results obtained by the micro-electrical discharge machining (micro-EDM) of micro-channels made on Ni-Cr-Mo steel is reported. The aim of such investigation is to shed a light on the relation and dependence between the material removal process, identified in the evaluation of material removal rate (MRR) and tool wear ratio (TWR), and some of the most important technological parameters (i.e., open voltage, discharge current, pulse width and frequency), in order to experimentally quantify the material waste produced and optimize the technological process in order to decrease it.
Introduction
In the last years, progress in disciplines such as biomedical engineering, electronics, telecommunications and advanced materials, required manufacturers to produce new components at micro level. Micro-manufacturing emerged as a new promising engineering area capable of enhancing people's quality of life thanks to the innovative devices it allows one to realize. New micro-processes and micro-technologies started to be developed and engineered, leading to constant increase of the volume of micro-devices manufactured as technological innovations become available to allow new productions.
In the current economic and environmental context, this trend cannot proceed without careful considerations about sustainability and environmental protection. Dealing with micro-scale might lead to the improper belief that the environmental impact of micro-manufacturing is lower than that of traditional manufacturing processes. Partly it could be so, thinking about the reduced use of raw materials, and thus a smaller production of waste, and the expected lower energy required. However, this common sense is not always valid, as proved by recent applications of Life Cycle Assessment to micro-manufacturing processes [1] [2] [3] . Different reasons can be identified as explanation.
In terms of factory layout and machinery technology, in the case of micro-manufacturing machines adapted from the concept of traditional manufacturing machines, processes are often bulkier than the parts they produce. This results in higher machine weight, transportation costs and floor occupation [4, 5] . The micro-factory [6] [7] [8] [9] emerged as a new promising concept of sustainable factory, with the additional advantage of adding flexibility due to the possibility of easy transportation to different manufacturing sites.
In terms of energy, the micro-scale of products and devices increases requirements for preventing pollution and guaranteeing the optimal thermal conditions in the working environment in order to preserve manufactured pieces and manufacturing instruments. Hence, the energy saving predicted in principle by the micro-devices fabrication is overcome by higher energy costs for ventilation, air conditioning and filtering systems for clean rooms [10] .
Another source of energy inefficiency can reside in the Computer Numerical Controls (CNCs) that are embedded into micro-manufacturing machines. Though CNCs are responsible of the development of new manufacturing methods (for example technologies as laser machining, focused ion beam (FIB), electro-discharge machining (EDM), and LIGA, just to mention the most widespread), a drawback is evident for CNC-based micro-machines. Since these are currently derived from classical machine tools, they result in inefficiency because most of the energy is expended in moving the tables and to achieve high operation speed for the spindle to compensate for the small chip sizes [11, 12] .
Finally, in terms of materials, micro-manufacturing processes might present considerable issues related to sustainability. Since they are mainly dedicated to the production of very high added value devices, for example in the biomedical or micro-electronics sectors, the materials required are often rare and of significant economic value (for example, gold, platinum, titanium, etc.). Consequently, waste derived from wrong or non-optimized process parameters can have a considerable impact in terms of raw materials costs and of new extraction processes. Furthermore, "intermediate parts" resulting from the need of an excess of material for manipulation or for guaranteeing the thermal stability of the process, can contribute to increase raw materials demand and costs. In micro-manufacturing, intermediate parts can represent up to 98% of components, as in the case of micro-injection molding [5] . Apart from raw materials, the need for higher purity levels in micro-manufacturing processes requires improved chemical purification through chemical substances and gases, with additional negative consequences in terms of environmental impact and costs.
These considerations indicate that the optimization of micro-manufacturing processes is a crucial task for guaranteeing a sustainable diffusion of these innovative technologies. Optimized processes, in fact, can favor the minimum consumption of precious raw materials, energy and critical chemicals. This results in a positive impact on their environmental and economic performances and, consequently, on the social benefits deriving from the higher diffusion among people of innovative devices that can improve quality of life.
Among micro-manufacturing, micro-EDM is frequently used to machine conductive materials regardless of their hardness and strength, accomplishing micro-sized features [13] [14] [15] [16] [17] and for fabricating micro-devices such as molds with/for micro-cavities and micro-channels, commonly found in micro fluidic components (i.e., lab-on-chip or micro cooling system) and in optical fiber connectors, as alignment systems. Micro-EDM machining is by far the most energy-intensive process and it may require a large resource consumption [3] , considering that some high value-added materials such as Siwafer and gold are applied.
In addition, a specific issue arises with micro-EDM, where a dielectric fluid-usually a hydrocarbon-based fluid-is essential to increase the energy density during the electric discharge, thus improving the material removal process and debris removal from the working zone through a proper flushing. During micromachining, and in particular during the roughing regime, a considerable amount of micrometer-sized particles are removed and diffused in the dielectric, introducing the problem of adequate filtering and disposal of the contaminated substances.
In this paper, the analysis of the material removal mechanism of the micro-EDM milling process (concerning both the machined workpiece and the electrode tool) of micro-channels is performed in order to evaluate the quantity of debris, i.e., waste of the product, introduced in the dielectric fluid or, more generically, in the environment and identifying a technological solution to optimize the process to reduce this kind of material.
Experimental Setup
Micro-channels, having a length of 4.5 mm, a width of 0.8 mm and a depth of 0.05 mm, are machined on Ni-Cr-Mo steel using a Sarix SX 200 micro-EDM milling machine ( Figure 1 ). The tool electrode is a Tungsten Carbide (WC) cylindrical rod, having a nominal diameter of 0.4 mm and negative polarity. The tool and the workpiece are constantly drizzled by a dielectric hydrocarbon oil, which guarantees the flushing during machining.
To proceed with the planned trials, the Design of Experiment (DoE) [18] is used to evaluate the influence of four electrical parameters, pulse width, frequency, discharge current and open voltage, on:
• MRR, defined as the ratio between the material removed from the workpiece and the erosion time; • TWR, defined as the ratio between volumes of material removed from the tool and the workpiece, respectively; • And depth error, defined as the difference between theoretical and actual micro-channel depth. MRR is an index that qualifies how fast the process is and it is strictly related to the economy of the machining. TWR indicates how much electrode is worn in relation to the material removed from the workpiece. Both these indexes are useful to quantify how much debris can be released into dielectric oil and determine the pollution produced. It must be emphasized that the only way to reduce the debris, though preserving an accurate product, is to reduce the TWR. Finally, depth error can be considered as an index of the accuracy of the process.
Taking into account what the aforementioned indexes represent, the optimization of the technological parameters in terms of sustainability must be oriented to the minimization of the TWR, keeping MRR and depth error within acceptable level to guarantee the accuracy of the machining.
The design of experiment is based on a half fractional factorial method developed on two levels, ending up in 24-1 trials and a central point (indicated as Set of Parameters-SoP "0" in Table 1 ). Each test has been replicated 5 times, resulting in 40 + 1 randomized experiments. The randomization has been applied both in execution sequence and space. 120  200  79  100  4000  1  1  120  100  100  200  79  100  4000  2  4  120  100  140  200  79  100  4000  3  1  200  100  140  200  79  100  4000  4  4  200  100  100  200  79  100  4000  5  1  120  140  140  200  79  100  4000  6  4  120  140  100  200  79  100  4000  7  1  200  140  100  200  79  100  4000  8  4  200  140  140  200  79  100  4000 It is worth noting that when micro EDM is employed to machine micro features, the electrode wear phenomenon, occurring during each and every micro EDM process and quantified by TWR index, can be carefully tackled. Electrode wear, in fact, is responsible of tool length variation which leads to a changing in the real milled channel depth within the workpiece, and on the planarity of the eroded layers, thus affecting the depth error. A wear compensation strategy is usually adopted [19] [20] [21] [22] [23] and implemented directly by program provided in the available micro-EDM machine. In particular, the uniform wear method (UWM) [19, 20] is reckoned as the most suitable and widespread compensation method. The UWM operates according to a layer-by-layer machining strategy, assisted by constant electrode feeding in the Z-axis [21] [22] [23] . In other words, when a micro-feature is machined, the part program performing the machining can be set to check the wear of the electrode tool at fixed steps, for instance after a certain number of machined layers. At this program stage, the machining is temporarily suspended and the electrode is shifted to a control position (control point), where an electrical touch is made. If the comparison between the last value of tool length and the previous one is less than a fixed value (set within the part program), then the electrode is fed automatically and the machining is resumed at the same point where it has been interrupted. A parameter, called adjustment factor, affects the quantity of the electrode fed after the wear measurements. The adjustment factor is defined as the down-motion of the Z-axis per unit of displacement along XY tool path and is usually given as input parameter at the beginning of the machining. If the process is somehow unstable and too many short circuits occur during the process, the CNC supplies with automatic update of such a value in order to favor the stability of the machining. The electrode feeding is thus determined by the estimation of the wear ratio, performed by a wear prediction module and by the adjustment factor. In a previous work [24] , we showed that the TWR and the adjustment factor (AF) are strictly connected and display the same trend in each considered milling process. However, it is worth stressing that UWM works at best when the hypothesis of negligible side erosion of the electrode is verified.
The tests have been performed using a layer by layer strategy: the layer thickness is set equal to 1 µm and the total depth of the channels is equal to 0.05 mm. Other parameters, namely gain, gap, energy and regulation are kept constant in all experiments (Table 1) , whereas the adjustment factors and the working diameters change for each SoP (Table 2 ). These latest parameters have been obtained by previous tests concerning the milling of square empty pockets and contours. These designs are used to optimize the adjustment factor value in a way which ensures the stability, accuracy and repeatability of µEDM process in dependence on the technological parameters chosen (SoP). The working diameter, which is defined as the sum of the electrode tool diameter and the sparking gap, completes the set of information, i.e., technological parameters, needed to perform more reliable trials on micro-channels.
In order to have reliable values to evaluate MRR, TWR and the actual depth of micro-channels, direct measurements have been performed in the following manner. At the end of each process, two different set of measurements have been done.
In order to quantify the electrode wear, some measurements are performed directly the control point, where the machine checks the electrode length: the spindle is driven to this point located on the workpiece, but sufficiently apart from the machined area. Two sets of electric touches are then performed: three with the tool and three without it (the electrode tool is retracted back inside the spindle). The difference between these data gives the remaining tool length. Since the initial electrode length is known, the length of tool wear can be easily calculated. TWR is consequently obtained as the ratio between eroded volume of the electrode tool and the volume of the material removed from the workpiece, available from the part program report files. The eroded volume is calculated by considering the area of the tool path in x-y plane multiplied for the channel depth assessed by the machine (expected depth). MRR is then obtained by the ratio of this quantity and the erosion time provided by the machine reports. The calculation of the actual depth of each micro-channel has been performed by executing:
• Three electric touches in correspondence of the control point (which is taken as a reference point); • Three electric touches within the micro-channel.
These values are then averaged and the standard deviation is calculated in order to estimate the actual depth of each micro-channel. The depth error is then derived by the difference between the measured and expected depth values.
Experimental Results and Discussion
The data obtained at the end of each micro-channel machining are processed using Minitab @ Software, a statistical software based on the analysis of variance (ANOVA) which allows to extract the desired details about the process. The post processing of the data are then displayed using some diagrams characteristic of the ANOVA method; here the main effects plots, the Pareto diagram and the interaction plots are reported. The main effects plots show the behavior of each quality index (TWR, MRR and depth error) vs each selected parameter. The lines connecting two corner points feature a certain slope, which provides some indication on the performance of the index as each single parameter is varied, and are commonly centered around a desired value. The Pareto diagram highlights the process weight of the main parameters in a bar chart, along with main interactions among couples or triplets of parameters. A red line typically sets the limit of importance of such parameters in terms of statistical relevance and significance. The ones lying at the right of this value are the most important parameters from a statistical point of view. The interaction plots summarize the inter-dependence of all parameters, considering couple of them as a third one is varied. The validity of the assumptions for ANOVA application was checked by the examination of residuals based on normal distribution and homoscedasticity evaluations.
The inspection of main effects plots, Pareto diagram and interaction plots related to the estimation of MRR, reported in Figure 2 , highlights a sophisticated dependence of MRR on electrical parameters. Figure 2(a,c) , MRR can be significantly increased by increasing this parameter. However, the Pareto diagram shows less evident though statistically relevant parameters intervening in the MRR: pulse width, combinations between width-voltage and width-current. Also, frequency and current compete in the material removal process. The interaction of width and current can be explained by the fact that they are linked to the discharge energy.
Main effects plot, Pareto diagram and interaction plot for TWR are reported in Figure 3 . In this case, Figure 3 (a) shows that TWR is mainly affected by voltage and in a lighter way by width. The Pareto reported in Figure 3 (b) confirms the dependence on voltage and reveals also that a combination voltage-width has a certain impact on tool wear process. The influence of width and interaction of width-current should be also taken into account. The interaction plot in Figure 3 (c) shows other characteristics for the tool wear: a strong interaction between current-frequency and a light interaction current-width, voltage-width and voltage-frequency.
It is worth stressing that other interaction between frequency-current, frequency-voltage and current-voltage, which are not present in either the Pareto diagrams or interaction plots previously reported, cannot be resolved using the half factorial method.
In Figure 4 the Main Effects plot, Pareto diagram and the interaction plot related to the depth error are depicted. Also in this case, Figure 4(a,b) underline that the depth error is mainly and hugely affected by voltage, that is, in this analysis, the only significant parameter; in a very slight way, as one can infer from the interaction plots in Figure 4(c) , frequency, the combination between current-frequency and current-width can be checked.
The optimization of the technological parameters passes through the minimization of TWR, followed by the maximization of MRR and reduction of depth error, considering different values of weight and importance in the determination of the desirability function. The optimized technology can be then directly identified in the decrease of open voltage, though this choice could reasonably lead to a worsening of MRR and depth error. For this reason, this preliminary investigation will be followed by a more thorough one, eventually comprising a full factorial method, which allows us to highlight all hidden interactions among all parameters and select the optimize technology preserving reasonable MRR and depth error values.
Conclusions
Process optimization in micro-manufacturing is essential to guarantee the sustainable development of innovative micro-technologies. The use of high added-value raw materials and the need of a cleaner working space to preserve products' quality and machinery performance can in fact represent important sources of additional costs and negative environmental impacts. This is especially true in Micro-EDM machining, which is one of the most energy-intensive micro-process and which may require considerable consumption of rare materials.
Several experiments concerning micro-channels machined on hardened steel and a subsequent statistical analysis permitted us to obtain a first set of optimized parameters to finally realize the micromold in the respect of quality and with the minimum consumption of resources. The DOE, based on the half factorial approach developed on two levels with a central point, has been used to evaluate the MRR, TWR and depth error, as function of open voltage, discharge current, pulse width and frequency. Main effects plots, Pareto diagrams and interaction plots show that open voltage has the strongest impact on all quality indexes. By the minimization of TWR, and in a less important way, maximization of MRR and minimization of depth error, the optimized and "sustainable" SoP can be deduced: in particular, the TWR minimization requires the minimum value of voltage, though this requirement could eventually cause a decrease in MRR and increase in depth error. This SoP will be subjected to further investigation in order to find out a trade-off in minimizing TWR without significant variation on MRR and depth error.
